MULTILAYER OPTICAL FILTER AND OPTICAL COMPONENT 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

5 The present invention relates to multilayer optical 

filters, functioning as bandpass filters or gain-flattening 
filters, for transmitting or reflecting light having a 
predetermined wavelength and also relates to optical 
components including such multilayer optical filters. The 
10 present invention particularly relates to a multilayer 
optical filter having an extremely small temperature 
coefficient and an optical component including such a 
multilayer optical filter. 

2 . Description of the Related Art 

15 Multilayer optical filters include stacked layers and 

have predetermined characteristics, based on the interference 
of light occurring at interfaces between the layers, for 
transmitting or reflecting light having a specific wavelength. 
FIG. 7 shows an example of known multilayer optical 

20 filters. A multilayer optical filter 100 includes a glass 

substrate 101 and a multilayer film 105 disposed on the glass 
substrate 101. The multilayer film 105 includes high- 
refractive layers 102 containing tantalum oxide (Ta 2 O s ) and 
low-refractive layers 103 containing silicon dioxide (Si0 2 ). 

25 The high-refractive layers 102 and low-refractive layers 103 
are alternately stacked and the number of the stacked layers 
is several tens to about one hundred. 

In the multilayer optical filter 100, the high- 
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refractive layers 102 and the low-refractive layers 103 
principally have an optical thickness of that is, values 

of the optical thickness have a certain distribution and are 
concentrated close to X/4, wherein k represents the 
5 wavelength of light to be transmitted or reflected. The 

optical thickness is defined as the product of the refractive 
index and the physical thickness (actual thickness). In 
order to transmit light with a wavelength of, for example, 
1.55 urn for optical communication applications, the high- 
10 refractive layers 102 have an actual thickness of 0.05 to 0.8 
\xm and principally 0.18 ^un, and the low-refractive layers 103 
have an actual thickness of 0.09 to 0.8 jim and principally 

0. 26 jxm. 

In the multilayer optical filter 100, there is a problem 
15 in that the peak wavelength of a transmitted light wave is 
shifted due to a change in ambient temperature. Therefore, 
in order to solve the problem, the following technique is 
disclosed in Japanese Unexamined Patent Application 
Publication No. 7-198935 (hereinafter referred to as Patent 
20 Document 1): a material contained in a substrate and the 
type of a multilayer film are selected depending on the 
coefficient of linear expansion of the substrate, whereby the 
temperature coefficient of a shift in wavelength is adjusted 
based on a relationship that the temperature coefficient is 
25 in reverse proportion to the coefficient of linear expansion 
of the substrate. 

According to the technique disclosed in Patent Document 

1, the coefficient of linear expansion and refractive index 
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of the substrate slightly vary depending on the type of glass 
of which the substrate is made. Therefore, the following 
technique is also disclosed in the Patent Document 1: the 
temperature coefficient of a shift in wavelength is adjusted 
5 by using the above variation and by testing multilayer films 
including Ta 2 O s and Si0 2 layers; Ti0 2 and Si0 2 layers; Ta 2 0 5 , 
Si0 2 , and A1 2 0 3 layers; or Ti0 2 , Si0 2 , and A1 2 0 3 , layers. 
However, no optical filters having a small temperature 
coefficient that can be assumed to be zero are disclosed in 

10 Patent Document 1. That is, there is a problem in that 

optical filters having a small temperature coefficient that 
can be assumed to be zero cannot be achieved by a current 
technique even if any type of substrate is used. 

The following procedure is disclosed in Patent Document 

15 1: a substrate having a coefficient of linear expansion of 
75 x 10" 7 to 150 x 10~ 7 is selected based on relationships, 
represented by lines a to d shown in figure 1 of the Patent 
Document 1, between the temperature coefficient and the 
wavelength shift; and Ti0 2 , Si0 2 , and A1 2 0 3 layers or Ti0 2 and 

20 Si0 2 layers are placed on the^ substrate , thereby preparing a 
multilayer optical filter including a multilayer film 
including the Ti0 2 , Si0 2 , and A1 2 0 3 layers or the Ti0 2 and 
Si0 2 layers. However, the multilayer optical filter does not 
have a small temperature coefficient that can be assumed to 

2 5 be zero when the substrate is commercially available. This 
is because the coefficient of linear expansion of the 
substrate is a value inherent to a material contained in the 
substrate and cannot be therefore controlled. Thus, there is 
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a problem in that the temperature coefficient of an actual 
filter cannot be adjusted to a small value that can be 
assumed to be zero even if the substrate contains any one of 
known materials . 

5 

SUMMARY OF THE INVENTION 

The present invention has been madie to solve the above 
problem. It is an object of the present invention to provide 
a multilayer optical filter having a small temperature 

10- coefficient that can be assumed to be zero and an optical 
component including the filter. 

In order to achieve the above object, the present 
invention provides a multilayer optical filter including a 
substrate; a multilayer film including a plurality of thin- 

15 films, alternately stacked on at least one face of the 

substrate, each containing corresponding dielectric materials 
having different refractive indexes; and one or more 
adjusting layers for adjusting the temperature shift of the 
wavelength of transmitted light. 

20 The temperature shift of the wavelength of light 

transmitted through the multilayer film can be adjusted using 
the one or more adjusting layers. That is, the temperature 
shift of the wavelength of light transmitted through the 
multilayer film can be adjusted by selecting a material of 

2 5 the one or more adjusting layers from various compounds and 
also adjusting the thickness of the one or more adjusting 
layers. Therefore, the multilayer optical filter has a small 
temperature coefficient that can be assumed to be zero. Thus, 
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in the multilayer optical filter, a change in ambient 
temperature hardly causes a shift in the peak wavelength of 
transmitted light . 

In the multilayer optical filter, the adjusting layer 
5 may be directly placed on the substrate and the multilayer 
film may be placed on the adjusting layer. 

According to the above configuration, an influence 
exerted on the multilayer film by the adjusting layer can be 
controlled and a change in the temperature coefficient of the 
10 multilayer film can therefore be adjusted. 

In the multilayer optical filter, a plurality of the 
adjusting layers may be placed in the multilayer film. 

According to the above configuration, an influence 
exerted on the multilayer film by the adjusting layers can be 
15 controlled and a change in the temperature coefficient of the 
multilayer film can therefore be adjusted. 

In the multilayer optical filter, the one or more 
adjusting layers preferably have a thickness of 5 to 50 fxm. 
A change in the temperature coefficient of the 
20 multilayer film can be reduced by decreasing the thickness of 
the one or more adjusting layers, and the change can be 
increased by increasing the thickness thereof. That is, a 
change in the temperature coefficient of the multilayer film 
can be precisely adjusted by controlling the thickness of the 
25 one or more adjusting layers. When the thickness is 5 p or 
less, the one or more adjusting layers have an ability 
insufficient to reduce a change in the temperature 
coefficient and are not therefore in practical use. When the 
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thickness is more than 50 jxm, the ability to reduce a change 
in the temperature coefficient is saturated and an increase 
in the thickness causes an increase in cost, an increase in 
the time taken to form the one or more adjusting layers, and 
5 a decrease in efficiency. 

In the multilayer optical filter, a plurality of the 
thin- films included in the multilayer film may contain two or 
more materials selected from the group consisting of Ti0 2 , 
Si0 2 , Ta 2 0 5 , A1 2 0 3 , Zr0 2 , Si, ZnS , HfO, Ge, Nd 2 0 6 , Nb 2 O s , and 
10 Ce0 2 . 

An optical component of the present invention includes 
the multilayer optical filter. 

According to the above configuration, a change in the 
temperature coefficient of the optical component is 
15 sufficiently small to be assumed to be zero. Thus, in the 
optical component , a change in ambient temperature hardly 
causes a shift in the peak wavelength of transmitted light; 
hence, the optical component has superior optical properties. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a sectional view showing a multilayer optical 
filter according to a first embodiment of the present 
invention; 

FIG. 2A is a sectional view showing a configuration in 
25 which an adjusting layer for adjusting the coefficient of 

linear expansion is placed on a substrate, and FIG. 2B is a 
sectional view showing a configuration in which the adjusting 
layer, one of high refractive layers, and one of low 
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refractive layers are placed in that order; 

FIG. 3 is a sectional view showing a multilayer optical 
filter according to a third embodiment of the present 
invention; 

5 FIG, 4 is a sectional view showing a multilayer optical 

filter according to a fourth embodiment of the present 
invention; 

FIG. 5 is a sectional view showing an example of an 
optical filter module including a multilayer optical filter 
10 of the present invention; 

FIG. 6 is a graph showing the relationship between the 
temperature shift of a central wavelength of a multilayer 
optical filter and the ratio of the volume of Ta 2 O s thin- 
films to the total volume of the Ta 2 O s thin -films and Si0 2 
15 thin -films; and 

FIG. 7 is a sectional view showing an example of a known 
multilayer optical filter. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

20 FIG. 1 is a sectional view showing a multilayer optical 

filter according to a first embodiment of the present 
invention. In the following drawings , in order to provide a 
clear understanding of the drawings, different scales are 
used for showing layers and members. The present invention 

25 is not limited to the embodiments below. 

With respect to FIG. 1, the multilayer optical filter A 
includes a substrate 1 made of glass or the like, an 
adjusting layer 2 for adjusting the temperature coefficient 
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or the coefficient of linear expansion, and a multilayer film 
5, the adjusting layer 2 and the multilayer film 5 being 
disposed on the upper face of the substrate 1 in that order. 
The multilayer film 5 includes a plurality of pairs of low- 
5 refractive layers 3 and high-refractive layers 4 having a 
refractive index different from that of the low-refractive 
layers 3. The number of the low-refractive layers 3 and 
high-refractive layers 4 alternately stacked is several tens 
to about one hundred in total. The multilayer optical filter 

10 A functions as a bandpass filter or a gain-flattening filter, 
transmitting light with a wavelength of 1.55 \xm, for optical 
communication. 

Examples of the glass of which the substrate 1 is made 
include quartz glass; glass BK7 having a refractive index of 

15 1.5; glass WMS13 , manufactured by Hoya Glass Works Ltd., 
having a refractive index of 1.52; and glass WMS15, 
manufactured by Hoya Glass Works Ltd. , having a refractive 
index of 1.52. The substrate 1 preferably has a thickness of 
several mm, for example, 6 mm, so as to have a strength 

20 sufficient to support itself. 

The adjusting layer 2 is a thin film containing the same 
compound as that contained in the low-refractive layers 3 or 
high-refractive layers 4 included in the multilayer film 5 
described below or another thin film containing a compounds 

25 described below. The adjusting layer 2 is used for adjusting 
the temperature shift of the wavelength of light transmitted 
through the multilayer film 5. Furthermore, the adjusting 
layer 2 is used for adjusting the coefficient of linear 
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expansion of the entire multilayer film 5, whereby the 
temperature shift of the wavelength of light transmitted 
through the multilayer film 5 is adjusted. 

The adjusting layer 2 may contain a dielectric compound 
5 that is the same as a compound contained in the multilayer 

film 5. Examples of such a compound include Ti0 2 , Si0 2 , Ta 2 0 5 , 
A1 2 0 3 , Zr0 2 , Si, ZnS, HfO, Ge, Nd 2 0 6 , Nb 2 O s , and Ce0 2 . 

The adjusting layer 2 may contain another compound such 
as LiNb0 3 or PbMo0 4 that is different from the compound 

10 contained in the multilayer film 5. 

The adjusting layer 2 preferably has a thickness of 5 to 
50 pun and more preferably 10 to 50 (xm. A decrease in the 
thickness of the adjusting layer 2 increases a change in the 
temperature coefficient of the multilayer film 5 and an 

15 increase in the thickness of the adjusting layer 2 reduces a 
change in the temperature coefficient of the multilayer film 
5. That is, a change' in the temperature coefficient of the 
multilayer film 5 can be precisely adjusted by controlling 
the thickness of the adjusting layer 2. When the adjusting 

20 layer 2 has a thickness of less than 5 pun, the ability of the 
adjusting layer 2 to reduce a change in the temperature 
coefficient is insufficient for practical use. When the 
adjusting layer 2 has a thickness of more than 50 |im, the 
ability of the adjusting layer 2 is saturated and an increase 

2 5 in the thickness causes an increase in the time taken to form 
the adjusting layer 2 having an excessive thickness. 

Examples of a compound contained in the low-refractive 
layers 3 or high-refractive layers 4 include Ti0 2 having a 
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refractive index of 2.25, Si0 2 having a refractive index of 
1.46, Ta 2 O s having a refractive index of 2.05, A1 2 0 3 having a 
refractive index of 1.65, Zr0 2 having a refractive index of 
2.03, Si having a refractive index of 3.5, ZnS having a 
5 refractive index of 2.25, Hf0 2 having a refractive index of 

1.95, Ge having a refractive index of 4.85, Nd 2 0 6 , Nb 2 0 5 , Ce02 , 
and CeF3 having a refractive index of 1.63. A combination of 
two or more of those compounds having different refractive 
indexes is used to prepare the multilayer film 5. 

10 The low-refractive layers 3 and high-refractive layers 4 

principally have an optical thickness of X/4, that is, values 
of the optical thickness have a certain distribution and are 
concentrated close to X/4, wherein X represents the 
wavelength of light to be transmitted or reflected. The 

15 optical thickness is defined as the product of the refractive 
index and the physical, thickness (actual thickness). 

In order to transmit light with a wavelength of, for 
example, 1.55 \xm for optical communication applications, the 
high-refractive layers 4 have an actual thickness of 0.05 to 

20 0.8 fun and principally 0.18 when the high-refractive 

layers 4 contain Ta 2 O s and the low-refractive layers 3 have 
an actual thickness of 0.09 to 0.8 \xm and principally 0.26 jim 
when the low-refractive layers 3 contain Si0 2 . 

Examples of a combination of the low-refractive layers 3 

25 and high-refractive layers 4 placed in the multilayer film 5 
include a combination of Ti0 2 thin-films and Si0 2 thin-films 
and a combination of Ta 2 0 5 thin-films and Si0 2 thin-films, 
those thin- films being alternately stacked. When the 
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multilayer film 5 further includes additional layers, 
examples of a combination of the additional layers, low- 
refractive layers 3, and high-refractive layers 4 include a 
combination of Ti0 2 thin-films , Si0 2 thin-films, and A1 2 0 3 
5 thin-films, those thin-films being alternately stacked. 

The adjusting layer 2, low-refractive layers 3, and 
high-refractive layers 4 can be formed by a film-forming 
process such as an ion beam sputtering process. 

An example of a procedure for preparing those layers is 

10 described below using a multilayer structure including, for 
example, pairs of such Ta 2 0 5 and Si0 2 thin- films. A tantalum 
(Ta) target and a silicon (Si) target are placed in a vacuum 
chamber disposed in a deposition system, the vacuum chamber 
is fed with a small amount of an oxygen gas functioning as a 

15 reaction gas, and a large number of the Ta 2 0 5 and Si0 2 thin- 
films are formed on a base plate in turn by a deposition 
process. 

The deposition system includes a device for measuring 
the thickness of the thin films to monitor the thin-film 

20 thickness during the formation of the thin films. For 

example, each Ta 2 0 5 thin- film is formed using the Ta target, 
which is switched to the Si target when the Ta 2 O s thin- film 
grows to have a predetermined thickness, and each Si0 2 thin 
film is then formed using the Si target, which is switched to 

25 the Ta target when the Si0 2 thin-film grows to have a 

predetermined thickness. This procedure is repeated, whereby 
the Ta 2 O s and Si0 2 thin- films having a desired thickness are 
alternately stacked. 
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FIG- 2A is a sectional view showing a first step of 
forming the adjusting layer 2 on the substrate 1 by the above 
procedure. FIG. 2B is a sectional view showing a second step 
of forming one of the high- refractive layers 4 and one of the 
low-refractive layers 3 are formed on the adjusting layer 2 
in that order, the refractive index of the high-refractive 
layers 4 being different from that of the low-refractive 
layers 3. Each high-refractive layer 4 and low-refractive 
layer 3 are alternately stacked repeatedly until the number 
of the high-refractive layers 4 and low- refractive layers 3 
reaches a desired value, whereby the multilayer optical 
filter A having the configuration shown in FIG. 1 is prepared. 

Standards for selecting the thickness of the adjusting 
layer 2 and a material thereof will now be described. 

In the multilayer optical filter A having the above 
configuration, the following equation (1) is given when the 
substrate temperature and ambient temperature are 25° C: 

TSCW = Xc[{[3f + a / {1 + {(1 - p o ) / (N 0 P 0 )}} - {2(ps - 
P f ) / (1 - s)}{s + (1 -2s)(l - 1 / n o ) / {l + (1-P Q ) / 
<N 0 Po)}>] (1) 
wherein TSCW represents the temperature shift of a central 
wavelength, kc represents the wavelength of light used, 0 f 
represents the coefficient of linear expansion of the 
multilayer optical filter A, a represents the temperature 
coefficient of the refractive index, s represents the average 
Poisson ratio, P Q represents the filling factor (average 
density) , N Q represents the transmissivity of the multilayer 
film 5 at 25° C, 0s represents the coefficient of linear 



expansion of the substrate 1, and pf represents the 
coefficient of linear expansion of the multilayer film 5. 

In equation (1), the wavelength Xc is constant with 
respect to light used, the linear expansion coefficient p f of 
5 the multilayer optical filter A and the Poisson ratio s are 
determined depending on the type of the multilayer film 5, 
the filling factor P Q is determined depending on materials 
and conditions for forming the multilayer film 5 # the 
transmissivity N Q and the linear expansion coefficient ps are 

10 determined depending on the type of the multilayer film 5 and 
a material of the substrate 1 # and only the linear expansion 
coefficient p f of the multilayer film 5 is a variable. 
Therefore, the temperature shift of a central wavelength can 
be adjusted by controlling the linear expansion coefficient 

15 P f . Thus, in the present invention, in order to control the 
linear expansion coefficient p f , the adjusting layer 2 is 
employed. 

In the above embodiment, the single adjusting layer 2 is 
directly placed on the substrate 1. In another embodiment, 

20 one or more adjusting layers 2 may be placed in the 

multilayer film 5 or placed between each high-refractive 
layer 4 and low-refractive layer 3, or one of the adjusting 
layers 2 may be placed at the top of the multilayer film 5. 
FIG. 3 shows a configuration of the multilayer optical 

25 filter A in which the single adjusting layer 2 is placed in 
the middle of the multilayer film 5. FIG. 4 shows another 
configuration of the multilayer optical filter A in which one 
of the adjusting layers 2 is placed in the middle of the 
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multilayer film 5 and one of the adjusting layers 2 is placed 
at the top of the multilayer film 5. 

If the single adjusting layer 2 or adjusting layers 2 
are placed on or above the substrate 1 as shown in FIG. 3 or 
4, the. linear expansion coefficient of the multilayer film 5 
can be adjusted, whereby a change in the temperature 
coefficient of the multilayer film 5 can be adjusted. 

FIG. 5 shows a sectional view of an optical filter 
module B, which is an example of an optical component. The 
optical filter module B includes a casing 29, a first lens 
'member 31, a second lens member 34, and a multilayer optical 
filter of the present invention, the first and second lens 
members 31 and 34 and the multilayer optical filter A being 
placed in the casing 29. The multilayer optical filter A has 
a configuration of any one of the above embodiments. The 
casing 29 has a first opening 29A positioned on the right and 
a second opening 29B positioned on the left. An end of a 
first optical fiber 32 is placed in the first opening 29A and 
an end of a second optical fiber 33 is placed in the second 
opening 29B. The following components and portions are 
arranged in this order from the left : the end of a second 
optical fiber 33, the second lens member 34, the multilayer 
optical filter A, the first lens member 31, and the end of a 
first optical fiber 32. 

In the configuration shown in FIG. 5, since the optical 
filter module B includes the multilayer optical filter A, a 
change in ambient temperature hardly causes a shift in the 
peak wavelength of transmitted light. Thus, the optical 



filter module B has superior optical properties. 

FIG . 6 shows the relationship between the temperature 
shift of a central wavelength (TSCW) of the multilayer 
optical filter A and the ratio of the volume of the Ta 2 0 5 
5 thin-films to the total volume of the Ta 2 O s thin-films and 

Si0 2 thin-films, the relationship being based on equation (1) 
and being obtained when the wavelength Xc of transmitted 
light is 1,550 nm and glass substrate WMS13 manufactured by 
Hoya Glass Works Ltd. is used. 
10 With reference to FIG. 6, when the percentage of the 

volume of the Ta 2 O s thin- films to the total volume of the 
Ta 2 O s thin-films and Si0 2 thin-films is about 70%, the TSCW 
of the multilayer optical filter A is about -0.6 pm/k. 

15 Examples 

Example 1 

A first multilayer structure was prepared according to 
the following procedure: a glass substrate (WMS13, 
manufactured by Hoya Glass Works Ltd. ) having a thickness of 

20 6 mm was placed in a vacuum chamber disposed in an ion beam- 
sputtering system, a Ta target and a Si target were also 
placed in the vacuum chamber, the pressure in the vacuum 
chamber was maintained at 6.7 x 10 -6 Pa, the partial pressure 
of an oxygen gas in the vacuum chamber was maintained at 2.4 

2 5 x 10- 6 Pa, and Ta 2 O s layers and Si0 2 layers were then formed 
on the glass substrate in turn by an ion beam- sputtering 
process. 

The total number of the Ta 2 0 5 layers and Si0 2 layers 
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placed on the glass substrate was 33 , the total thickness of 
the Ta 2 O s layers and Si0 2 layers was 31.9 \xm t and the 
percentage of the volume of the Ta 2 0 5 layers to the total 
volume of the Ta 2 0 5 layers and Si0 2 layers was 43.8%. The 
5 TSCW obtained by measuring the first multilayer structure was 
0.8 pm/k. On the other hand, the TSCW obtained using the 
relationship shown in FIG. 6 is 0.7 pm/k. 

A second multilayer structure having 36 layers and the 
following configuration was prepared: three additional Ta 2 O s 

10 layers having a thickness of 4.15 ^im are each placed at an 

upper section, middle section, and lower section of the first 
multilayer structure having 33 layers, wherein the thickness 
of the additional Ta 2 O s layers is given by dividing k/A by 
the refractive index of the additional Ta 2 O s layers and then 

15 multiplying the obtained quotient by 22. The TSCW obtained 
by measuring the second multilayer structure was 0.4 pm/k, 
which is a small value that can be assumed to be zero. 

On the other hand, since the percentage of the volume of 
the Ta 2 O s layers to the total volume of the Ta 2 O s layers and 

20 Si0 2 layers is 51%, the TSCW obtained using the relationship 
shown in FIG. 6 is 0.4 pm/k, which agrees with the TSCW 
obtained by measuring the second multilayer structure. 

Example 2 

25 Ta 2 O s layers and Si0 2 layers were formed on a glass 

substrate that is the same as that described in Example 1 
under the same conditions as those described in Example 1, 
whereby a third multilayer structure was prepared. The total 
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number of the Ta 2 O s layers and Si0 2 layers was 47, the total 
thickness of the Ta 2 O s layers and Si0 2 layers was 54.9 \un, 
and the percentage of the volume of the Ta 2 0 5 layers to the 
total volume of the Ta 2 0 5 layers and Si0 2 layers was 75%. 
5 The TSCW obtained by measuring the first multilayer structure 
was -1.0 pm/k. On the other hand, the TSCW obtained using 
the relationship shown in FIG. 6 is -1.0 pm/k. 

A fourth multilayer structure having 50 layers and the 
following configuration was prepared: three additional Si0 2 

10 layers having a thickness of 4.2 \xm are each placed at an 

upper section, middle section, and lower section of the third 
multilayer structure having 47 layers, the wherein the 
thickness of the additional Si0 2 layers is given by dividing 
X/4 by the refractive index of the additional Si0 2 layers and 

15 then multiplying the obtained quotient by 16. The TSCW 

obtained by measuring the fourth multilayer structure was - 
0.5 pm/k, which is a small value that can be assumed to be 
zero . 

On the other hand, since the percentage of the volume of 
20 the Ta 2 O s layers to the total volume of the Ta 2 O s layers and 
Si0 2 layers is 68%, the TSCW obtained using the relationship 
shown in FIG. 6 is -0.5 pm/k, which agrees with the TSCW 
obtained by measuring the fourth multilayer structure. 
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